The synthesis of an oligonucleotlde labeled with 13 C at the thymine methyls and 15 N at the exocycllc amino groups of the cytoslnes Is described.
INTRODUCTION
Hydrogen bonding and hydrophobic contacts between the functional groups of the DNA major groove and protein sidechains are major determinants in the sequence-specific recognition of DNA by proteins (1) . The bulky thymine methyl group plays a pivotal role in the hydrophobic interaction with amino acid sidechains (2), as has been documented for various proteins (3, 4) . Deletion of this methyl group through substitution by deoxyuridine in synthetic operators results in a dramatic decrease of the affinity of several DN A-binding proteins for these operators (5, 6) .
In 'H-NMR spectra of protein-DNA complexes it is difficult to observe cross-peaks between the thymine methyl group and aliphatic protein side-chains due to severe overlap of resonances in a crowded part of the spectrum. In addition, these peaks can be obscured by their proximity to the diagonal. Isotope labeling combined with heteronuclear editing techniques will help to overcome these problems (7) . To our knowledge, the synthesis of l3 C-methyl-thymidine has not been reported before. We have labeled thymidine with carbon-13 at the thymine methyl using relatively inexpensive 13 CH 3 I. The labeled nucleoside was subsequently incorporated into a DNA fragment. An additional benefit of carbon-13 labeling of DNA is that isotope edited NMR spectra can be obtained in DjO while, in contrast, heteronuclear filtered NMR spectra using nitrogen-15 are recorded in H2O because detection is usually achieved through the exchangeable protons.
It was shown recently that thymine methyl groups play a crucial role in the sequence specific recognition of DNA by steroid hormone receptors (8) . As part of our program aimed at understanding sequence-specific DNA recognition of the glucocorticoid receptor (9-12), we have applied this method to the synthesis of the stronger binding half-site of the consensus glucocorticoid response element (GRE, 13) with two additional GC base pairs at the termini to increase the stability of the duplex:
The sequence of the half-site GRE is in bold letters. Numbering of the oligonucleotide is according to Luisi et al. (14) . In addition to the labeling of the thymidine methylgroup, nitrogen-15 labeling of the exocyclic cytosine amino groups in both strands of the GRE was achieved using a method described previously (11) . This method involves the use of a 4-triazolo deoxyuridine building block. After completion of the synthesis, the triazolo group is displaced by I5 N labeled ammonia to yield [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] N-cytosine during the deprotection of the oligonucleotide by treatment with 6N "NH4OH. The labeled thymidines are indicated by an asterisk while the labeled cytosines have been underlined. Although it was recently demonstrated that nitrogen-15 resonances of the imino nitrogens in DNA can be detected at natural abundance using proton detected heteronuclear correlation experiments (15 -17) , efforts to observe the amino nitrogen resonances with this technique have not been successful. This stresses the need for labeling the cytosine amino group. Moreover, these groups are exposed in the major groove and are available for hydrogen-bonding. The imino protons, on the other hand, are located in the centre of the double helix and involved in Watson-Crick base pairing and are, therefore, not
• To whom correspondence should be addressed accessible for interaction with other ligands. While all thymines were labeled with 13 C in their methyl groups, I5 N labels were introduced only in the amino groups of cytosines -4 and 7 because the remaining cytosines are not part of the GRE. The labeled oligonucleotide was used to study a complex with the glucocorticoid receptor DNA-binding domain (GR-DBD), a 93 residue protein fragment encompassing residues C440-I525 of the rat glucocorticoid receptor.
MATERIALS AND METHODS
Methyll3 C-thymidine was synthesized from 5-bromodeoxyuridine (1) as outlined in Scheme I (DMT stands for dimethoxytrityl, DHP for dihydropyranyl, THP for tetrahydropyranyl, THF for tetrahydrofuran, CNE for cyanoethyl and R for diisopropyl) by a method used previously for "C and 14 C incorporation (18) (19) (20) (21) (22) . The hydroxyl groups of 1 were protected (21) by converting them to their tetrahydropyranyl (THP) derivatives (2). The 5 position and the imino nitrogen were metallated by treatment with butyllithium in dry tetrahydrofuran to give 3. Subsequently, 3 was methylated at the 5 position using I3 CH 3 I 99% I3 C (Isotec Inc.). The reaction was quenched by adding a methanol/water mixture and the THP groups removed with acid (80% AcOH/H 2 O, 17 h) yielding 4. The reaction mixture was concentrated under reduced pressure and the residue was dissolved in water, extracted with dichloromethane, and concentrated. The crude product was purified to remove the main impurity, deoxyuridine, by preparative reverse phase FPLC on a Pharmacia Prp RPC-HR16/10 column using 10% methanol/water as the eluant to yield crystalline 13 C labeled thymidine (4) . 'H NMR showed more than 98% isotope incorporation. Overall yield was 35% based on 13 The complimentary strand 5'd(GCAGAACAGC)3' was synthesized and purified in the same way with a yield of 18.3 mg. Nitrogen-15 labeling of the exocyclic amino groups of the cytosines in both strands was achieved as reported previously (11) . The labeled cytosines have been underlined. The cytosine amino groups of the additional GC base pairs at the 3' and 5' termini were not labeled because they are not part of the GRE. The strands were mixed 1:1 to obtain a duplex and purified from any residual single stranded material by gel filtration, lyophilized and dissolved in an appropriate buffer for the NMR experiments (see below).
The DNA-binding domain of the glucocorticoid receptor (GR-DBD) was expressed and purified as described before (25) except that an Accel CM ion-exchange column instead of a phosphocellulose column was used in the purification. The complex between the half-GRE and the GR-DBD was prepared by adding 0.4 ml of a 2 mM solution of the protein to 0.4 ml of a 2 mM solution of the DNA. During the mixing of the protein and the DNA of the sample some precipitation occurred which was removed by centrifugation. This was followed by concentration of die complex on an Amicon™ flow cell to reduce the volume of the sample to 0.4 ml. Final concentration of the sample was about 1 mM. All NMR spectra were obtained on a Bruker AMX-500 spectrometer using a 5 mm broadband heteronuclear reverse probe. NMR experiments were performed at 300 K, pH 6.5 in 99.5% DjO or 95% H 2 O/ 5% D 2 O containing 50 mM sodium phosphate buffer, 200 mM KC1 and 0.1 mM NaN 3 . In the case of protein-DNA complexes, the sodium phosphate concentration was 10 mM and 0.1 mM DTE was added to the samples to prevent oxidation of die cysteines.
2D 'H-I3 C HMQC (26, 27) and 3D HMQC-NOE spectra (28) were recorded using standard pulse sequences. For the 'H-I3 C HMQC experiments, 32 increments of 32 scans were collected resulting in a total measuring time of about 20 minutes.
The 'H-15 N HMQC experiment was recorded in about 1 hour with 128 increments and 32 scans. The 'H-I3 C HMQC-NOE was recorded with 16 increments in the co| (HMQC) direction and 160 increments in the o^ (NOE) direction 48 transients of 1024 data points were collected for each increment in a total measuring time of 48 hours. Spectra were processed using the 'TRITON' NMR software package developed at Utrecht University. Chemical shifts are reported in ppm and were calculated relative to DSS for 'H and I3 C and to liquid NH 3 for I5 N.
RESULTS AND DISCUSSION
Thymidine was 13 C labeled at the thymine methyl group in three steps starting from 5-bromo-deoxyuridine using I3 CH 3 I as the source of the label in a 35% yield based on 13 CH 3 I (Scheme I). The labeled thymidine was subsequently incorporated into a half-GRE in which the cytosine amino groups were nitrogen-15 labeled by a previously reported method (11) . Isotope incorporation of the duplex was corroborated by proton detected heteronuclear correlation spectroscopy (26, 27) . In Figure 1 , the 'H-15 N HMQC spectrum of the labeled GRE in H 2 O is shown which correlates the cytosine amino nitrogen frequencies with the amino proton frequencies. The small spectral width and, consequently, high resolution in the f[ direction causes the homonuclear proton-proton coupling to be visible as fine-structure in the cross-peaks in this direction (27, 29) ). The amino protons were assigned from a homonuclear 2D NOE experiment in water (30) . Figure 2A Although several groups have synthesized isotopically labeled (oligo)nucleotides for NMR studies of ligand-DNA interaction (32) (33) (34) (35) (36) (37) (38) , there are no reports yet on their actual application in these studies. To demonstrate the potential of the labeled oligonucleotide in NMR studies of protein DNA interaction, we prepared a 1:1 complex of the half-GRE with the glucocorticoid receptor DNA-binding domain (GR-DBD). Figure 2B shows the I3 C-'H HMQC spectrum of the labeled GRE complexed with the GR-DBD. The methyl groups of thymines 3 and 5 show the largest changes in chemical shift, while for thymines 6 and 8 they are smaller. This agrees well with biochemical data on the role of the thymines in the complex, which indicate that the methyls of thymines 3 and 5 make important contributions to the free energy of binding of the intact glucocorticoid receptor to the GRE, while the methyls of thymine 6 and 8 are not contacted by the protein (8) . It is interesting to note that although there is a relatively large change in carbon-13 chemical shift of the thymine 5 methyl, the proton chemical shift is virtually unchanged. Besides monitoring of carbon-13 chemical shirts, the carbon-13 label allows selective detection of crosspeaks originating from the thymine methyl groups. Figure 3 shows four NOE planes of a 3D I3 C-'H HMQC-NOE spectrum (28) in D2O of the complex at the carbon-13 chemical shift of the four different methyl groups in the oligonucleotide. In the plane of thymine 5 (Figure 4 ), an NOE cross-peak between the methyl group of thymine 5 and the 7 methyl groups of V462 could be detected. Due to its proximity to the diagonal this crosspeak is much more easily observed in the I3 C edited spectrum than in the normal 2D NOE spectrum. From interference methods and base-substitution experiments Truss et al. (8) concluded that the methyl group of thymine 5 is contacted by the GR. V462 belongs to the three amino acid residues that discriminate between GRE's and ERE's, while thymine 5 belongs to the two base pairs that distinguish the GRE from the ERE (39) (40) (41) . Thus, the hydrophobic contact between V462 and thymine 5 could play an important role in the discrimination between GRE's and ERE's. A more complete analysis of the complex between the GR-DBD and the half-GRE has been presented elsewhere (42) .
Recently, the X-ray structure of the complex between the GR-DBD and DNA was published (14) . The contact between V462 and thymine 5 described here is also observed in the crystal structure of the complex. However, in contrast to the crystal structure, where only one of the two V462 methyl groups contacts the thymine 5 methyl, the equal intensity of the cross-peaks in figure 4 suggests that in solution both methyls contact thymine 5. This difference between the solution and crystal structure may be due to the fact that for the crystal structure determination an oligonucleotide with a four base-pair instead of the natural three base-pair spacing was used, resulting in a dimeric complex in which only one of the monomers is able to bind specifically to the DNA (14) .
In conclusion, the efficient stable isotope labeling of major groove functional groups of DNA described here, in combination with sensitive detection and editing methods, will simplify the analysis of NMR spectra of protein-DNA complexes and thus provide more insight into the mechanisms underlying the sequence specificity of protein-DNA recognition.
